Previous studies of E2F family members have suggested that protein-protein interactions may be the mechanism by which E2F proteins are recruited to specific genomic regions. We have addressed this hypothesis on a genome-wide scale using ChIPseq analysis of MCF7 cell lines that express tagged wild type and mutant E2F1 proteins. First, we performed ChIP-seq for tagged WT E2F1. Then, we analyzed E2F1 proteins that lacked the N-terminal SP1 and cyclin A binding domains, the C-terminal transactivation and pocket protein binding domains, and the internal marked box domain. Surprisingly, we found that the ChIP-seq patterns of the mutant proteins were identical to that of WT E2F1. However, mutation of the DNA binding domain abrogated all E2F1 binding to the genome. These results suggested that the interaction between the E2F1 DNA binding domain and a consensus motif may be the primary determinant of E2F1 recruitment. To address this possibility, we analyzed the in vivo binding sites for the in vitro-derived consensus E2F1 motif (TTTSSCGC) and also performed de novo motif analysis. We found that only 12% of the ChIP-seq peaks contained the TTTSSCGC motif. De novo motif analysis indicated that most of the in vivo sites lacked the 5 half of the in vitro-derived consensus, having instead the in vivo consensus of CGCGC. In summary, our findings do not provide support for the model that protein-protein interactions are involved in recruiting E2F1 to the genome, but rather suggest that recognition of a motif found at most human promoters is the critical determinant. FIGURE 6. Expression levels of E2F1 wild type and mutant proteins. A, shown are the protein levels of the HA-ER-E2F1⌬C (lane 2) and HA-ER-E2F1 wild type (lane 3) fusion proteins that were detected in whole cell extracts from the corresponding MCF7 stable cell lines using an anti-HA antibody (top). The parental MCF7 cells (lane 1) were used as a negative control and an antibody to actin was used as a loading control (bottom). An unrelated lane was removed between lanes 1 and 2, but all of the lanes shown here are from the same blot. B, shown are the protein levels of the HA-ER (lane 1), HA-ER-E2F1 wild type (lane 2), and HA-ER-E2F1 DNA binding domain mutant (lane 3) fusion proteins that were detected in whole cell extracts from the corresponding MCF7 stable cell lines using an anti-HA antibody (top); adapted from supplemental Fig. S5 of Rabinovich et al. (50). The parental MCF7 cells (lane 4) were used as a negative control and an antibody to nucleoporin p62 (NUP62) was used as a loading control (bottom).
A critical question in gene regulation is how selective sets of transcription factors are specifically recruited to their target sites. For site-specific DNA binding factors, a major component of the genomic recruitment mechanism is the highly specific interaction of the DNA binding protein with its consensus motif. The relatively new technology of ChIP-seq has allowed very precise analyses of sequences involved in recruitment of site-specific DNA binding factors (and proteins complexes associated with DNA binding factors) to specific genomic locations. For example, the in vivo binding sites for transcription factors such as p63, STAT1, and REST show high enrichment for a specific motif. In fact, ϳ75% of the peaks identified by ChIP-seq for these factors contain the known consensus motif for that factor within 50 nucleotides of either side of the center of the peak (1) . However, there are clear examples of genomic recruitment of site-specific transcription factors being dictated, at least in part, by protein-protein interactions. For example, approximately half of the binding sites for the serum response factor are cell type-specific, and it has been proposed that the cell type-specific binding is due to serum response factor making different protein-protein interactions in different cell types (2) . Although tethered recruitment has been proposed as a mechanism by which human transcription factors can be recruited to the genome, very few studies have tested this possibility by analyzing the in vivo binding patterns of transcription factors that have been mutated in their DNA binding and/or protein interaction domains. However, a recent study has shown that the estrogen receptor can be recruited to the genome through both a direct interaction of its DNA binding domain with a well characterized estrogen response element and via tethering mediated by interactions of the estrogen receptor and other DNA binding proteins such as Runx (3) .
E2F1 is the founding member of a set of transcription factors that have been implicated in controlling critical cellular (entrance into S phase, regulation of mitosis, apoptosis, DNA repair, and DNA damage checkpoint control) and organismal (regulation of differentiation, development, and tumorigenesis) functions (4 -6) . There are eight genes for E2F family members encoded in the human genome (see Refs. 5 and 7 for recent reviews of the E2F family), with the highest degree of homology among the E2F family members being in their DNA binding domains (DBDs). 3 E2F family members bind poorly in vitro unless they are complexed with a member of the DP family of transcription factors (5, 8 -10) . However, E2F7 and E2F8 are exceptions to this rule, functioning as homodimers or heterodimers with each other (11) (12) (13) (14) (15) (16) (17) . The DBD of E2F1, located between amino acids 120 -191, consists of a basic helix-loophelix structure (4) , with a fold resembling a winged helix DNA binding motif, as revealed by crystal structure analysis (18) . Although the DBD is required for direct binding to DNA, it is not sufficient for in vitro binding. High affinity binding to DNA also requires the contribution of the adjacent hydrophobic heptad repeat leucine zipper domain (amino acids 188 -241), which is known to be involved in heterodimerization with the DP family of transcription factors (10, 19 -23) . A multitude of in vitro DNA-protein interaction studies and promoter reporter assays have identified an E2F consensus motif of TTTSSCGC, where S is either a G or a C (4, 24) , which is both necessary and sufficient for E2F binding in vitro (4, 24) .
Although the DNA binding domain of E2F1 is clearly critical for in vitro DNA binding (25) , it has also been suggested that other site-specific transcription factors may influence the recruitment of E2F family members to in vivo binding sites. For example, using cells stably transfected with wild type (WT) or mutant herpes simplex virus thymidine kinase promoter constructs, Karlseder et al. (26) showed that occupancy of the E2F site in that promoter required the adjacent SP1 consensus site. Furthermore, the N terminus of the E2F1 protein was shown to directly interact with SP1, suggesting that tethering of E2F1 to the genome was mediated by SP1 (27) . Several additional studies have investigated a possible partnership between these two transcription factors and confirmed cooperative binding between SP1 and E2F1 at the c-myc, DHFR, and mouse TK promoters (26, 28, 29) . Because an SP1 consensus motif has been identified as one of the most common motifs present in human promoters (30) , it is possible that tethering of E2F1 to the genome via interaction of its N terminus with SP1 may be an important recruitment mechanism. In addition to the N terminus, other domains of E2F1 have been implicated in proteinprotein interactions. For example, previous studies have demonstrated that TFE-3 physically interacts with E2F3 and helps to recruit E2F3 to the ribonucleotide reductase 1, ribonucleotide reductase 2, and DNA polymerase ␣ p68 subunit promoters (31, 32) . Similarly, RYBP (Ring1 and YY1 binding protein) was identified as a "bridging" molecule between YY1 and certain E2F family members that can assist in the regulation of the CDC6 promoter (33) . Of note, the protein-protein interactions between either TFE-3 or RYBP with E2F proteins were shown to be dependent on the E2F marked box domain (amino acids 243-358). The E2F marked box domain has also been implicated in facilitating DNA binding of E2F proteins via its interaction with DP1, in contributing to E2F-mediated DNA bending (34, 35) , and in interactions with other factors such as Jab1 (36) . Finally, NF-YA has been shown to be required for adjacent binding of E2F3 to the cdc2 promoter (36), whereas E2F4 binding to the c-myc promoter was shown to depend on simultaneous binding of the SMAD proteins (37) . However, in these latter two cases, the domain of E2F required for the interaction has not been delineated.
In addition to interacting with other site-specific DNA binding factors, members of the E2F family have also been shown to interact with components of the general transcriptional machinery and/or other types of co-regulatory proteins. For example, the C-terminal transactivation domain of E2F1 (amino acids 368 -437) can interact with the basal transcription factors TFIID, TFIIH, and TBP, as well as with transcription coactivators, including CBP/p300, TRRAP, GCN5, Tip60 , and NCOA3 (38 -46) . Unlike many transcription factors that bind to both promoter and enhancer regions (see Ref. 47 for a review), E2F1 binds almost exclusively to core promoter regions (48 -50) , and the binding pattern of E2F1 is essentially indistinguishable from that of RNA polymerase II or TAF1 (the largest subunit of TFIID). Therefore, it is quite possible that E2F1 could be tethered to certain promoters via the strong interactions of its C-terminal transactivation domain with general transcription factors. The transactivation domain of E2F1 can also interact with members of the retinoblastoma tumor suppressor protein family. Although retinoblastoma lacks the ability to bind directly to DNA, it does interact with site-specific transcription factors such as AP2 and thus may serve as a bridge that allows AP2 to tether E2F1 to the genome (51, 52) . The C-terminal 70 amino acids of E2F1 can also interact with ANCCA (AAA nuclear coregulator cancer-associated protein, also known as ATAD2) (53) . In addition to interacting with SP1, the N terminus of E2F can also interact with ANCCA and with cyclin A (53, 54) .
Taken together, the many functional studies of the E2F family suggest that protein-protein interactions may play an important role in recruiting E2F1 to the genome. However, most of the above-mentioned studies were performed in vitro or focused on one, or at most a handful, of genomic binding sites. Therefore, we have now used ChIP-seq to test the hypothesis that protein-protein interactions are involved in recruiting E2F1 to target sites in the human genome.
EXPERIMENTAL PROCEDURES
Cell Culture-MCF7 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% FBS, 2 mM glutamine, and 1% penicillin and Streptomycin. All cells were incubated at 37°C in a humidified 5% CO 2 incubator.
Cloning of E2F1 Mutants-All E2F1 mutants were amplified from the pCMV-HA-ER-E2F1wild type plasmid DNA template by PCR with either AccuTaq (Sigma) or Finnzymes Phusion high fidelity polymerase (New England Biolabs, catalog no. F-531) using primers that introduced unique BamHI sites immediately 5Ј and 3Ј to the coding sequence site of interest, respectively. The resulting E2F1 mutant proteins were introduced into the pCMV HA estrogen receptor (ER) plasmid (a generous gift from Kristian Helin) using the BamHI sites; successful cloning of the various inserts was confirmed by sequencing at the University of California, Davis Sequencing Facility. The pCMV-HA-ER, pCMV-HA-ER-E2F1 wild type, or pCMV-HA-ER-E2F1 (E132) constructs were all generous gifts from Kristian Helin.
Generation of HA-ER-E2F Stable Cell Lines-Stable clones were generated by transfecting MCF7 cells on six-well dishes with 1 g of either pCMV-HA-ER-E2F1⌬C mutant, the pCMV-HA-ER-E2F1⌬N/C mutant, or the pCMV-HA-ER-E2F1⌬MB mutant using FuGENE 6 transfection reagent (Roche Applied Science) according to the manufacturer's rec-ommendations. Forty-eight hours after transfection, the cells were placed under selection in medium containing 1 mg/ml G418. Individual drug-resistant colonies were isolated and assayed for ectopic HA-ER-E2F fusion protein expression by Western blot analysis of total cellular protein using a 1:1000 dilution of anti-HA.11 (16B12 clone; Covance catalog no. MMS-101P) and a 1:10,000 dilution of anti-nucleoporin p62 (BD Transduction Laboratories, catalog no. N43620) antibodies in 5% milk. To ensure that the stably integrated fusion proteins properly translocated into the nucleus upon stimulation with 4-hydroxytamoxifen (4-OHT), clones determined to have high ectopic expression of each fusion protein were treated with 600 nM of 4-OHT (Sigma) for 30 min and processed for cytoplasmic and nuclear protein extraction. Briefly, subconfluent cells were harvested after 4-OHT treatment by scraping in ice-cold PBS containing 1 mM PMSF and processed using the NE-PER nuclear and cytoplasmic extraction kit from Pierce, according to the manufacturer's instructions. Both the nuclear and cytoplasmic extracts (20 g) were boiled in 4ϫ SDS sample buffer for 5 min, loaded onto a 10% SDS-polyacrylamide gel, and further processed for Western blot as described previously by Xu et al. (27) . Positive MCF7 clones for each fusion protein were expanded in culture and subsequently treated for 30 min with 4-hydroxytamoxifen (Sigma) at a final concentration of 600 nM immediately prior to formaldehyde cross-linking and harvesting for ChIP assays.
ChIP-seq Assays-All cell cultures were cross-linked for 10 min by adding formaldehyde to the growth medium to a final concentration of 1%. Cross-linking was stopped by the addition of glycine to a final concentration of 125 mM, and cells were washed three times with ice-cold PBS prior to harvesting by scraping of the plates. Chromatin was fragmented using the Bioruptor sonicator (Diagenode) for 20 min (15-s pulses and 1-min pauses in between) to produce fragments ϳ500 nt in size. ChIP assays were performed using 1 ϫ 10 8 cells for each ChIP as described at the Farmham Laboratory Protocol Web site. The antibody used was HA.11 (16B12 clone; Covance catalog no. MMS-101P). Immunoprecipitates were collected using the Staph A method. ChIP samples were tested by PCR using positive and negative control primer sets prior to making the library (supplemental Fig. S3 ). ChIP libraries were created according to Robertson et al. (55) . Libraries were run on a 2% agarose gel, and the 150 -400 bp, 200 -400 bp, or 400 -600 bp fraction of the library was extracted and purified; the library with the highest enrichment, as monitored by quantitative PCR, was used for sequencing. The libraries were quantitated using serial dilutions by real-time PCR using primers complementary to the library adapters or by Bioanalyzer analysis. See supplemental File S1 for more details concerning library preparation.
Comparison of E2F1 and H3K4me3 Binding Patterns-H3K4me3 ChIP-seq data from MCF7 cells was provided by the University of Washington ENCODE group led by John Stamatoyannopoulos (a part of the ENCODE Project Consortium). The raw reads were initially mapped as Sequence Alignment/ Map format to the human HG19 genome assembly to obtain 30,857,387 uniquely mapped reads. The HG19 version of the mapped reads was converted to the HG18 version using a lift-over program. Using our BELT program (56), a set of 34,164 binding sites for H3K4me3 was identified with a false discovery rate of 4.8%. We used the top 20,000 H3K4me3 binding sites to eliminate any false positives at the bottom of the list of ranked peaks. To fairly compare binding patterns between E2F1 and H3K4me3, we also called peaks for the E2F1 ChIP-seq data using BELT. We used the top 10,000 binding sites for E2F1 called by BELT to be consistent with the other analyses of E2F1 binding. We compared the E2F1 and H3K4me3 binding patterns using 100-nt intervals.
RESULTS

E2F1 DNA Binding and Heterodimerization Domains Are
Sufficient for Recruitment to all Genomic Binding Sites-To address the question as to whether protein-protein interactions are involved in recruiting E2F1 to the genome, we first needed to engineer a system that would allow us to perform genomewide ChIP-seq analysis of mutant proteins. We have shown previously that a continual high level expression of E2F1 is toxic to cells (57) . Therefore, it was critical that we use an inducible system to express E2F1 derivatives. Another requirement for our studies was that we needed to distinguish the introduced E2F proteins from the endogenous E2F1 protein in our ChIPseq experiments. Therefore, we cloned the WT and mutant E2F proteins into an expression construct that provides an N-terminal HA tag, followed by a modified ER ligand binding domain (Fig. 1 ). The advantages of using this particular expression system for these studies is that the HA tag allows for the specific isolation of these mutants using an HA antibody in subsequent chromatin immunoprecipitation steps, whereas the ER domain allows for the regulated translocation of the E2F1 proteins into the nucleus upon treatment with the anti-estrogen 4-hydroxytamoxifen (4-OHT). We created cell lines stably maintaining the plasmids harboring the constructs shown in Fig. 1 , grew the cells to the large number required for ChIP-seq, treated with 4-OHT, and then harvested cells for Western blot analysis and ChIP-seq (see Table 1 for a summary of the ChIPseq results for WT E2F1 and all of the E2F1 mutants).
We have shown previously, using ChIP-chip and NimbleGen high density oligonucleotide arrays (50) , that HA tagged WT E2F1 binds to the same targets as does the endogenous E2F1 in MCF7 cells. Therefore, we have used the binding pattern of the HA-tagged WT E2F1 as our standard for comparison to the binding pattern of all mutant E2F1 proteins for our ChIP-seq experiments. We first performed ChIP-seq for the WT E2F1, identified binding sites using the Sole search peak calling program (58) and found that E2F1 binds to ϳ10,000 genomic locations using a false discovery rate cut-off of 0.0001. To test the reproducibility of our assay, we grew an independent culture of MCF7 cells, induced nuclear translocation of the WT E2F1, and performed another ChIP-seq experiment. The second replicate (called WT2) produced ϳ11,000 peaks. A direct overlap of the top 10,000 peaks identified in the two replicates gave a 78% overlap. Because the smallest peaks identified by ChIP-seq can vary from experiment to experiment (often depending on the number of sequenced tags), the ENCODE Consortium has developed a method for comparing replicates. This method involves comparing the top 40% of the peaks in one replicate to the entire set of peaks from the other replicate. Essentially, this method ensures that the majority of the big peaks are the same from experiment to experiment. Most biological replicates of the same factor show an 80 -90% overlap using this method of comparison. Using this "top 40% method" to determine overlap, we found that the two WT E2F1 ChIP-seq experiments gave a 97% overlap; thus, our experiments are very reproducible.
As expected from our previous studies (48, 49, 58) , E2F1 binds almost exclusively to core promoter regions of the well characterized set of RefSeq genes (supplemental Fig. S1 ). As indicated above, the transactivation domain of E2F1 has been shown previously to bind to a variety of transcriptional regulatory proteins, including TBP, TFIIH, CBP, retinoblastoma, CBP/p300, TRAPP, GCN5, Tip60, and ACTR/AIB1 (38 -46) . Therefore, we tested the hypothesis that interactions between the E2F1 transactivation domain and components of the general transcriptional machinery were involved in recruiting E2F1 to core promoter regions. To do so, we created a stable MCF7 cell line expressing E2F1⌬C, induced nuclear translocation, and performed a ChIP-seq assay. We identified ϳ18,000 peaks for E2F1⌬C. As shown in Fig. 2 , top panel, the called peaks for the E2F1⌬C are very similar to the called peaks of wt E2F1. In fact, an overlap analysis indicates that the similarity of E2F1⌬C to E2F1 WT1 is essentially the same as the similarity of two biologically independent E2F1 WT ChIP-seq experiments ( Table 2) . When we performed the top 40% overlap analysis comparing the E2F1⌬C with WT E2F1, we found that all of the top-ranked peaks are the same (99% overlap; Table 2 ). Closer examination of the binding patterns show that binding of E2F1⌬C is indistinguishable from the binding of WT E2F1 (Fig.  2 , middle and bottom panels).
We next investigated the role of the N-terminal domain of E2F1. This domain has been implicated previously in interaction with the transcription factor SP1 and with other proteins such as cyclin A. Because SP1 binding motifs are one of the most common motifs in human core promoters (30) , it was possible that interaction of E2F1 via its N terminus with SP1 is critical for the genomic recruitment of E2F1 to many of its thousands of target promoters. To test this hypothesis, we deleted the first 82 amino acids from the E2F1⌬C protein, creating E2F1⌬N/C. We then created a stable cell line, induced nuclear translocation of E2F1⌬N/C, performed ChIP assays, created a library, and analyzed the binding pattern by ChIP-seq. Once again, the pattern of peaks called using Sole-search for E2F1⌬N/C is very similar to the pattern of peaks for WT E2F1 (Fig.  2, top panel) , the actual binding profiles are indistinguishable, and the overlap analysis indicates that no major peaks were lost due to deletion of both the N and C termini of E2F1 (Table 2) .
Having ruled out the involvement of the N and C terminus in recruiting E2F1 to its genomic targets, we next evaluated the contribution of the E2F1 marked box domain to genomic recruitment. The marked box (MB) domain has been implicated previously in several protein-protein interactions with other transcription factors. Specifically, this domain has been shown to be involved in recruiting E2F2 and E2F3 to promoter regions (31) (32) (33) and has been suggested to be important for the interaction of E2F1 with DP1 (34). To investigate the role of the MB domain in genomic recruitment of E2F1, we created an E2F1 expression construct spanning from amino acids 1-244, thereby deleting the marked box domain and the transactivation domain. We made a stable MCF7 cell line containing E2F1⌬MB, treated the cells with 4-OHT, performed ChIP assays, and tested a series of known E2F1 binding sites using PCR. Surprisingly, our ChIP-PCR experiments using this mutant did not detect binding of the mutant E2F1 protein at any E2F1 target sites (data not shown). Further investigation revealed that this E2F1 construct failed to translocate into the nucleus upon treatment with 4-OHT (supplemental Fig. S2A ), suggesting a role for the marked box domain in nuclear translocation. The failure of this E2F1 mutant protein to translocate into the nucleus prevented our evaluation of the role of the marked box in binding specificity. Therefore, we created a second E2F1⌬MB mutant that contained the SV-40 large T antigen nuclear localization signal immediately upstream of the E2F1 coding sequence (downstream of the HA and ER domains). This alternative cloning strategy proved to be successful in moving the fusion protein into nucleus upon treatment with 4-OHT (supplemental Fig. S2B ). Therefore, we created an MCF7 cell line stably expressing this new E2F1⌬MB, induced expression with 4-OHT, and performed ChIP-seq 
TABLE 2 Overlap analysis of ChIP-seq peaks
The percent overlap between the top 10,000 ranked peaks for the first E2F1 wild type ChIP-seq replicate versus the second E2F1 wild type ChIP-seq replicate (WT2) or the indicated E2F1 mutants is listed in the left column. The percent overlap between the top 40% of the top ranked peaks for the first E2F1 wild type replicate and all of the top ranked peaks of WT2 or the indicated E2F1 mutants is listed in the right column. All overlaps were performed using the Sole-Search GFF overlap tool. Functional Analysis of E2F1 Genomic Recruitment APRIL 8, 2011 • VOLUME 286 • NUMBER 14
analysis to assess which genomic sites are bound by an E2F1 protein lacking both the marked box and the transactivation domain. Again, we found that the pattern of peaks called using Sole-Search for the E2F1⌬MB is very similar to the pattern of peaks for WT E2F1 (Fig. 2, top panel) , the actual binding profiles are indistinguishable, and the overlap analysis indicates that no major peaks were lost due to deletion of both the marked box and transactivation domains of E2F1 ( Table 2) . As an additional test of the requirement for the various E2F1 protein interaction domains, we used the Sole-Search overlap program to identify the few regions that appeared to be specifically bound by WT E2F1 but not by the N-or C-terminal deletion mutants, and reanalyzed a set of these sites by ChIP PCR. We found that either these sites were false positives in the E2F1 data set or false negatives in the mutant ChIP-seq datasets (supplemental Fig. S3 ). The results presented above suggest that the most critical domain for recruiting E2F1 to the human genome must be the DNA binding domain. To provide support for this hypothesis, we created a stable cell line that inducibly expresses a tagged version of an E2F1 protein that harbors a two amino acid change in the DNA binding domain. This mutation has been shown previously to abolish E2F1 binding to DNA in vitro (25) but not to affect other functions of E2F1 such as binding to pocket proteins (59 -61) . Using ChIP-seq, we have now shown that essentially all binding of E2F1 to the genome is abolished in the DNA binding mutant. Although a small number of peaks (508) were called by Sole-Search (Table 1) , closer inspection revealed that these were false positives. Unlike true peaks, the peaks in the DNA binding domain mutant ChIP-seq data set did not resemble a bell-shaped curve, and/or they were located in telomeric or centromeric repeat regions (see supplemental Fig. S4 ).
Most of our analyses have focused on the promoters of protein-coding genes. However, it was possible that E2F1 genomic recruitment might be different at different types of promoters. Therefore, we analyzed the binding of E2F1 to the promoters of miRNA genes. A previous study used the genomic coordinates of H3K4me3-enriched loci derived from multiple cell types to identify putative promoters for 578 human miRNAs (62) . With the caveat that we do not know how many of these miRNA promoters are correctly localized or which are in open chromatin in MCF7 cells, we determined which of the 578 putative miRNA promoters were bound by E2F1. To do so, the top 10,000 peaks identified by ChIP-seq for the WT E2F1 and the E2F1 deletion mutants were overlapped with the miRNA promoters, allowing a 200-bp gap between the E2F1 peak and the putative core miRNA promoter region. We identified 96 miRNA promoters that were bound by E2F1, 128 promoters that were bound by the C-terminal deletion mutant, 90 promoters that were bound by the mutant deleted for both the N and C termini, and 85 promoters that were bound by the marked box mutant. Thus, 17-22% of the miRNA promoters were bound by E2F1. Visual inspection indicated that the miRNA promoters bound by E2F1 were also bound by the E2F1 deletion mutants. Thus, E2F1 is recruited to miRNA promoters in a similar manner as it is recruited to the promoters of coding genes. In summary, E2F1 protein derivatives lacking character-ized protein interaction domains behaved identically to WT E2F1 in respect to their recruitment to the human genome, whereas the DNA binding domain mutant was completely unable to stably bind to the genome.
E2F1 in Vivo Consensus Motif Differs from in Vitro Consensus Motif-The results described above indicate that the DNA binding domain of E2F1 is the major (if not only) mechanism by which E2F1 is directed to the genome. The fact that proteinprotein interactions do not appear to influence E2F1 recruitment suggests that E2F1 DNA binding studies performed in vitro should provide relevant information for the in vivo binding studies. Previous work using in vitro protein-DNA binding analyses has derived an E2F1 consensus motif of TTTSSCGC, where S can be either C or G (4, 24) . To determine whether the in vitro derived motif is used in vivo, we analyzed the sequences under the E2F1 ChIP-seq peaks. For these analyses, we only used the top 10,000 peaks (supplemental Table S2 ) so that we could eliminate the very small peaks at the bottom of the ranked list. We found that only 12% of the top 10,000 ranked WT E2F1 peaks contained a match to the in vitro consensus motif (see supplemental Table S3 for a list of these sites). To further investigate the relationship between the number of consensus sites, the number of sequenced tags, and the number of called peaks, we performed the following analysis. We combined both replicate WT E2F1 ChIP-seq lanes, producing more than 22 million mapped reads. We then randomly selected increasingly larger subsets of the reads and called peaks on the different sets of reads. As expected, the number of called peaks increased as the number of reads increased, until a plateau was reached at about 15,000 -16,000 peaks (Fig. 3) . We then determined the percentage of the peaks that contain a match to the E2F1 consensus motif. As shown in Fig. 3 , the percentage of peaks containing a match to the consensus motif was similar, no matter how many peaks were called; the percentage of consensus-containing peaks was highest (16%) when only 1,000 peaks was called, but did not drop below 9% even when 16,000 peaks were called. Thus, the low percentage of consensus-containing peaks is not a consequence of calling too few or too many peaks. In fact, many of the well characterized E2F target promoters that contain a consensus motif are near the middle or bottom of the ranked list. For example, the very first mammalian E2F binding FIGURE 3 . Percentage of consensus sites does not change with increasing reads. Different numbers of uniquely mapped reads were isolated randomly from the total number of uniquely mapped reads in the HA ER E2F1 merged WT ChIP-seq data sets. The number of significant peaks in each set of these randomly selected mapped reads is shown by the line labeled "called peaks"; the corresponding scale for this plot is shown on the left y axis. The number of consensus sites within each set of called peaks is plotted as a percentage of all the peaks in that set (and labeled as "consensus site"); the corresponding scale for the "consensus site" plot is shown on the right y axis. site characterized is a consensus site located in between the bidirectionally transcribed DHFR and MSH3 genes (4, (63) (64) (65) (66) (67) (68) . This particular E2F binding site (TTTCGCGC) is one of the strongest sites in vitro (as determined by gel shift competition studies) but is ranked number 8408 in the set of in vivo E2F1 binding sites. Thus, the presence of a consensus motif within the E2F1 binding site does not necessarily determine the height of the peak in E2F1 ChIP-seq experiments. Importantly, analysis of a set of 1000 randomly selected promoters revealed that 12% contain a match to the E2F consensus motif. Thus, the set of E2F1 in vivo binding sites has the same percentage of E2F consensus motifs as does the set of all human promoters. Other studies have shown that a consensus motif can be found within 50 nt Ϯ the center of the peak for many human transcription factors analyzed by ChIP-seq (1). However, if we limit the search to the 50 nucleotides on either side of the center of the in vivo E2F1 peaks, we find that only 5% of the peaks contain an E2F1 in vitro consensus motif (Fig. 4) . Therefore, the in vitro consensus motif is not a primary determinant of E2F1 binding.
We next performed a de novo motif analysis using our W-ChIPmotifs program (69) . First, we eliminated the consensus-containing peaks from the top 10,000 peak set, producing a set of ϳ8,800 peaks for the de novo motif analysis. Then, we selected the top 1000 promoters, the middle 1000 promoters, and the bottom 1000 promoters from this ranked list of nonconsensus-containing E2F1 binding sites for our de novo motif . The consensus motif is not near the center of the binding site for most E2F1 consensus-containing peaks. A, 1337 E2F consensus motifcontaining peaks were identified from the top 10,000 ranked peaks of the E2F1 WT merged data set. The distance of the E2F consensus motif relative to the center of the corresponding peak is plotted along the x axis (using a bin size of 50 nt). The y axis indicates the number of consensus motifs found in each bin. The E2F consensus motifs identified within Ϯ 50 nt from the center of a peak is highlighted in gray. B, the functional annotations of the 1337 E2F consensus motif-containing targets were determined using the program Database for Annotation, Visualization, and Integrated Discovery (74) . The percentage of the E2F consensus targets represented by the different functional categories is indicated on the x axis, and the p value for each identified category is shown on the right side of the graph.
analyses. We chose only the 50 nucleotides on either side of the center of the ChIP-seq peak to eliminate common core promoter elements that are not directly responsible for E2F1 recruitment. The motif CGCGC was identified as a predominant motif in all three peak sets (supplemental Files S2-S4). In fact, ϳ70% of the peaks in the top half of the ranked list contained at least one CGCGC motif (Table 3) . However, the percentage of sites containing CGCGC does decline as the position of the peaks falls lower in the ranked set of E2F1 binding sites, with only 46% of the bottom 1000 ranked E2F1 peaks containing CGCGC. Analysis of a set of 1000 randomly selected promoters revealed that 70% contained a match to the CGCGC motif. Table 1 , E2F1 binds to a large number of places in the genome and most of the binding sites are at core promoters (supplemental Fig. S1 ). Therefore, E2F1 binds to many, but not all, core promoters in the human genome. Although it is difficult to directly correlate E2F1 binding with gene expression (due to the fact that the repressive E2F proteins also bind to the same genomic sites), we have previously shown that most, but not all, promoters bound by E2F1 are also bound by RNAPII and are transcriptionally active (48, 49) . We were interested in whether the promoters that were bound by E2F1 had different characteristics than promoters that were not bound by E2F1. However, we did not simply want to analyze all promoters that were not bound by E2F1 because many of these promoters may be unavailable for E2F1 binding due to being located in large repressive chromatin domains. In other cell types, these promoters might in fact be E2F1 targets. Therefore, we analyzed only those promoters that are located in active chromatin in MCF7 cells. To do so, we used ChIP-seq data from the ENCODE Consortium corresponding to the H3K4me3 mark in MCF7 cells. As expected, the H3K4me3 sites had a bimodal pattern with a peak upstream and a peak downstream of the transcription start site (see Fig. 5 , all H3K4me3 sites). However, it was possible that the promoters bound by E2F1 had a different H3K4me3 pattern that the promoters not bound by E2F1. Therefore, we divided the H3K4me3 peaks into two sets, those that overlapped with E2F1 peaks (10,937 peaks) and those that did not (9,063 peaks). We found that there is essentially no difference in the patterns of H3K4me3 at the promoters also bound by E2F1 versus those bound only by H3K4me3 peaks was performed. The pattern for all 20,000 H3K4me3 sites is shown, as is the pattern for the H3K4me3 sites bound by E2F1 and the H3K4me3 sites not bound by E2F1. Also shown is the binding pattern for all E2F1 sites, for E2F1 sites also bound by H3K4me3, and for E2F1 sites not also bound by H3K4me3. The number of peaks (indicated on the y axis) found at each given distance relative to the transcription start site (indicated on the x axis in base pairs) is plotted for all of the above-mentioned categories.
Comparison of E2F1 Target Promoters versus Promoters Not Bound by E2F1-As indicated in
TABLE 3 De novo motif analysis of E2F1 peaks
The top 10,000 ranked peaks for the merged E2F1 wild type ChIP-seq replicates were searched for the E2F1 consensus motif (TTTSSCGC, where S can be a C or a G). The E2F1 peaks were further subdivided into a set of the top 1,000 peaks, a set of peaks ranked 5,000 -6,000, and a set of peaks ranked 9,000 -10,000. Next, the peaks containing a match to the E2F consensus motif were removed from each of the sets of 1,000 peaks, and the sequence ϩ/Ϫ 50 bp from the center of the remaining peaks was then analyzed for the presence of a de novo motif using ChIPMotifs. The most prevalent motif identified in each set was CGCGC (see supplemental Figs. S2-S4).
The percentage of peaks containing the de novo motif CGCGC is indicated for each set of 1,000 peaks and for a set of 1,000 randomly chosen promoters. H3K4me3 (Fig. 5) . Therefore, the trimethylation of lysine 4 on histone H3 is not the determinant of E2F1 binding specificity because many promoters not bound by E2F1 have the same bimodal H3K4me3 pattern as the promoters that do bind E2F1. Interestingly, E2F1 binds in between the two nucleosomes in the shared target promoters. Therefore, it was possible that the sequences in between the two nucleosomes on either side of the start site of transcription may be different in the set of promoters bound by E2F1 versus the set of promoters not bound by E2F1. Because we have identified a GC-rich motif in the set of promoters that are bound by E2F1, we compared the GC content of the internucleosomal space of the two sets of promoters. We found that a 200-nt region centered between the two H3K4me3 peaks was 68% GC-rich in the promoters that are bound by both H3K4me3 and E2F1, whereas the 200-nt regions centered between the two H3K4me3 peaks was 67% GC-rich in the promoters that were bound by H3K4me3 but not by E2F1. For both sets of promoters, the area under the H3K4me3 peaks was 54% GCrich. Therefore, the GC content of the internucleosomal space is not different in promoters bound by versus not bound by E2F1. As a final analysis of E2F1 bound promoters, we determined the enrichment of the CGCGC motif in the promoters bound by both H3K4me3 and E2F1 versus the promoters bound by H3K4me3 but not by E2F1. Because we have shown that E2F1 binds between the two H3K4me3 peaks, we examined the 200 nt on either side of the transcription start site in the promoters bound by both H3K4me3 and E2F1 and in the promoters bound only by H3K4me3. We found that 49% of the promoters bound by both H3K4me3 and E2F1 contained the CGCGC motif, whereas 39% of the promoters bound only by H3K4me3 contained the CGCGC motif. Thus, there is modest enrichment of the CGCGC motif in the set of promoters bound by E2F1.
DISCUSSION
In this study, we have investigated the role of protein interaction domains and the DNA binding domain in recruiting E2F1 to the human genome. The in vitro DNA binding motif that has been shown to correspond to high affinity E2F1 binding is an 8-nt motif (TTTSSCGC) found throughout the human genome. For example, in the 1% of the genome that was analyzed by the ENCODE pilot project, there are 511 perfect matches to this motif. Upon extrapolation, this suggests that there are ϳ51,000 perfect matches in the entire genome, with the number expanding dramatically if even one mismatch is allowed. Clearly, there are more motifs than E2F1 binding sites, so there must be a mechanism by which E2F1 is localized only to the "correct" sites in the genome. One possible mechanism is that interaction of E2F1 with other site-specific transcription factors could anchor E2F1 at the correct genomic location. We have tested this hypothesis using MCF7 cells containing stably integrated, inducibly regulated, HA-tagged E2F1 constructs. Surprisingly, we found that we could delete all of the characterized domains (other than the DNA binding domain) in the E2F1 protein without affecting its genomic binding pattern. Also, although our findings suggest that E2F1 genomic binding specificity may be conferred by a high affinity interaction between E2F1 and a very specific binding motif, analysis of the ChIP-seq data revealed that the in vitro consensus site is not present under most E2F1 peaks but rather E2F1 binds to a GC-rich sequence present in the majority of human promoters. The only structural study focusing on E2F family members bound to DNA is an analysis of a heterodimer of the E2F4 DNA binding domain (equivalent to amino acids 112-195 of E2F1) and the DP2 DNA binding domain; a 15-nt DNA duplex containing an E2F consensus motif (TTTTCGCGCGGTTTT) was used as the binding site (18) . This study revealed that both the E2F4 and the DP2 DNA binding domains are related to the winged-helix DNA binding motif, which consists of three ␣ helices and a ␤ sheet. They found that E2F4 and DP2 each contact half of the central GC-rich motif using a conserved Arg-Arg-Xaa-Tyr-Asp in their ␣ 3 helices (corresponding to amino acids 157-161 of E2F1); E2F4 contacts CGC on one strand and DP2 contacts CGC on the other strand. The T-rich portion of the consensus is contacted by residues 16 -19 of E2F4 (corresponding to amino acids 117-120 of E2F1). Thus, the structural studies support the identification of a CGCGC motif in the E2F1 ChIP-seq peaks. However, the absence of a T-rich extension in most E2F1 binding sites suggests that the interaction of amino acids 117-120 of E2F1 with DNA might not be critical in vivo.
The fact that E2F1 binds almost directly over the transcription start site and that the binding pattern of E2F1 is very similar to that of RNA polymerase II and TAF1 (48 -50) , raised the interesting possibility that E2F1 might be recruited to transcription start sites via an interaction of its C-terminal transactivation domain along with components of the general transcriptional machinery (38 -46) . For example, previous studies have shown that E2F1 can interact with TBP and TFIIH, and one can imagine that a "tethered" recruitment of E2F1 to start sites via these components of the general transcriptional machinery might be the mechanism that accounts for essentially all of the E2F1 peaks being located over the transcription start site. However, we showed that an E2F1 mutant protein having a deletion of the entire transactivation domain still bound to all the same genomic locations as did WT E2F1. Therefore, we have ruled out the possibility that tethering via its transactivation domain is a commonly used recruitment mechanism for E2F1 in MCF7 cells.
Another protein domain that we deleted was the marked box domain. Previous studies have shown that this domain can mediate interactions with site-specific binding factors such as TFE-3 and RYBP (31) (32) (33) , suggesting that this domain may help to direct E2F1 to subsets of promoters that are bound by these other factors. However, our data suggests that if this mechanism is utilized, the interactions must be important only at a small number of promoters. We have shown that the strongest sites bound by WT E2F1 are also bound by the marked box domain mutant (97% of the top 40% of WT E2F1 sites are in the ⌬MB peak set and vice versa). The great majority of the sites that are not bound by the ⌬MB mutant protein are very small and likely to be false positives. We tested this possibility by performing ChIP-PCR on a subset of the small peaks that were identified in the WT peak set but not in the ChIP-seq data from the E2F1 mutants lacking the C terminus. We could not con-firm any of these sites as being bound by WT E2F1. It remains possible that there are a few places in the genome to which E2F1 is recruited using a marked box domain-dependent mechanism, but it would require multiple ChIP-seq experiments to identify these sites. We also note that previous studies have shown that the marked box domain is critical for the interaction of E2F1 with its heterodimerization partner DP1 (34) . Because we find that the E2F1 marked box mutant binds to over 28,000 sites in the genome, this raises the possibility that DP1 might not be an obligate interaction partner of E2F1 in vivo. To test this hypothesis, we have performed ChIP analysis for DP1 using all commercially available antibodies but have not been able to successfully demonstrate reproducible binding of DP1 to any E2F1 target sites. However, negative DP1 ChIP results (even when performed alongside E2F1 ChIP experiments) are hard to interpret because it is possible that none of the DP1 antibodies are functional in ChIP assays. We have also transiently expressed an HA-tagged DP1 and performed ChIP experiments using the HA antibody. Again, we were not able to demonstrate binding of the tagged DP1 to any E2F1 target. We are left with the conclusion that the DP1 protein is either masked in the E2F1-DP1 complex that binds to the genome or that DP1 is not bound with E2F1 to target sites.
It is also interesting to note that there are more ChIP-seq peaks detected for the E2F1 deletion mutants than for WT E2F1 and, moreover, some of the peaks common to both the WT E2F1 and deletion mutants are actually larger in the E2F1 deletion mutant ChIP-seq data sets. There are several possibilities that may account for these observations. First, it has already been established that the C terminus of WT E2F1 contains the binding site for p14 ARF , which normally flags E2F1 for ubiquitination via the proteasome pathway (70 -73) . Thus, all of the E2F1 deletion mutant proteins missing their C terminus domain may be more stable in the cell than the WT E2F1 protein and consequently may be more readily available to bind to their genomic targets. However, Western blot analysis indicates that the WT E2F1 and the C-terminal deletion mutant protein are expressed at similar levels (Fig. 6) . Second, the C terminus of E2F1 interacts with numerous nuclear proteins, which may result in the sequestering of some WT E2F1 protein into complexes that are nonproductive for DNA binding. Finally, it is also possible that the smaller sizes of the E2F1 deletion mutants simply allows them to access the core promoter regions much more readily than the full-length E2F1 protein.
In summary, we have tested the hypothesis that recruitment of E2F1 to the human genome can be mediated by either a direct interaction between E2F1 and a consensus motif and/or selective recruitment of E2F1 to some sites due to protein-protein interactions. We conclude that the in vitro E2F consensus motif is not present at most in vivo E2F1 binding sites, but instead, a shorter GC-rich motif that is common to most human promoters is enriched in the sequences corresponding to E2F1 ChIP-seq peaks. Also, we can find no evidence that protein-protein interactions are required for recruitment of E2F1 to its genomic target sites.
